). The conference was the product of a strategic initiative on stock assessment methods that engaged many national and regional fishery management organizations to assure that scientists can apply the most appropriate methods when developing management advice. An inclusive workshop was designed to evaluate the performance of a variety of model categories by applying multiple models to selected case study data as well as simulated pseudo-data that had realistic measurement error. All model applications had difficulties in recovering the simulated stock and fishing mortality trends, particularly at the end of the assessment time series, when they are most important for informing fishery management. This general result suggests that the next steps in evaluating the performance of stock assessment methods should include stock status relative to sustainable reference points, catch advice, multi-model consideration, and alternative management procedures. Recognition of the limitations of conventional stock assessment methods should promote further development of data-limited approaches, methods with time-varying parameters, or spatial complexity, and a more revolutionary shift towards the application of multispecies and ecosystem models. The contributions in this volume address methodological themes that are expected to improve the scientific basis of fishery management. Furthermore, the limitations of stock assessment methods and associated uncertainty should be more extensively considered in fishery management strategies and tactical decisions. Recommendations developed during the conference called for the establishment of a global initiative to synthesize regional advances, form guidance on best practices, promote strategic investments, and highlight research needs for fish stock assessments.
Introduction
Stock assessment is the synthesis of information on life history, fishery monitoring, and resource surveys for estimating stock size and harvest rate relative to sustainable reference points. Stock assessment also involves forecasting the response of the resource to alternative management scenarios (Hilborn and Walters, 1992; Quinn and Deriso, 1999) . Stock assessment is usually carried out by applying mathematical models that fit available information to provide simplified representations of population and fishery dynamics. Over the last century, stock assessment methods have progressed from descriptive models, often assuming equilibrium, to elaborate statistical models with many estimated parameters and formal approaches to evaluating uncertainty. Fishery management systems in many regions rely on regularly scheduled stock assessments to determine stock status and management advice for achieving fishery and conservation objectives.
The Strategic Initiative for Stock Assessment Methods (SISAM) was led by the International Council for the Exploration of the Sea (ICES) to assure that scientists contributing to ICES stock assessment working groups can apply the best methods when developing management advice (ICES, 2011) . Other regional fishery management organizations and national fishery organizations contributed to the initiative, because they have similar goals, and the entire international fishery science community would benefit from their engagement. The collaboration was designed to identify the current set of available methods, offer guidance in the selection of the most appropriate approaches for a particular application, as well as educate and provide access to expert information regarding methodology. More generally, development and testing of methods were encouraged to support the needs of fishery management and to take advantage of advances in statistical theory, computing power, and new knowledge.
The wide variety of methods used by regional fishery management organizations were considered in the initiative. These methods were classified according to the amounts or types of data and knowledge used and the degree of age-structured population dynamics in the model (ICES, 2012a) . The classification resulted in eight model categories:
(i) catch only models,
(ii) time-series models, (iii) biomass dynamics models, (iv) delay-difference models, (v) age-structured production models, (vi) virtual population analysis, (vii) statistical catch-at-age, and (viii) integrated analysis models (length-or age-based).
The classification was useful for organizing information about available approaches and for providing guidance on model selection. Two approaches were developed for the initiative to develop guidance on best practices: a workshop to evaluate the performance of model categories for estimating stock size and fishing mortality, and an international conference to review advances in stock assessment methods. This special volume represents a compilation of contributions from the workshop and conference. Over 220 participants, from 27 countries and 6 continents participated (Figure 1 ; ICES, 2013).
Workshop on model performance
A simulation-based process was designed to evaluate performance of alternative methods for meeting the needs of fishery management. The workshop considered results from analyses by the ICES Methods Working Group (ICES, 2012b), the US National Marine Fisheries Service, and invited experts in stock assessment modelling. Results from simulation exercises (detailed in Deroba et al., 2015; Hurtado-Ferro et al., 2015; Johnson et al., 2015; Ono et al., 2015) suggested that there are many challenges still to be resolved when applying multiple models to a single stock. The workshop provided an opportunity to discuss the performance of stock assessment models with many of the world's leading fisheries scientists in an informal and participatory manner. The workshop structured the exercise in four methodological steps:
(i) applying stock assessment models to datasets from 14 selected case studies from across the world which exhibit characteristics that challenge current stock assessment methods (see Deroba et al., 2015 for list and attributes of case studies), Figure 1 . WCSAM participants spanned over 27 countries. (ii) simulating pseudo-data from multiple operating models for each case study based on the multiple perspectives provided by alternative model applications in step 1 with observation error (see ICES, 2012b for details), (iii) applying multiple estimation models to simulated pseudodata, providing both "self-tests" (i.e. the same model used as the operating model to simulate pseudo-data and applied to pseudo-data as an estimation model) and "cross-tests" (i.e. different models used as the operating model and the estimation model), and (iv) comparing results from the estimation model applied to pseudo-data to the simulated "true" values of stock size and fishing mortality from the operating model.
Workshop participants were encouraged to apply their assessment methods or approaches to the datasets before the workshop. A link was provided to access the datasets through the conference website. Over 50 unique assessment model applications were received for 12 stocks. To our knowledge, this was the largest simulation-based evaluation among stock assessment methods ever attempted.
When the results were compared among applications of multiple models to case study data, absolute estimates varied much more than relative estimates (e.g. spawning-stock biomass or fishing mortality standardized to the time-series mean). Therefore, stock assessment models may perform better for determining relative stock status than absolute catch projections. Applying multiple models or configurations helps to evaluate model uncertainty but can present challenges for management advice. In an actual stock assessment process, attempts would be made to investigate and reconcile divergent results from plausible alternatives. One shortcoming in the application of multiple models to the same data is that it provides limited information on model performance, because the "truth" needs to be known to evaluate model performance. Therefore, applications to simulated pseudo-data can complement the insight gained from application of the multiple models to actual data. Therefore, the operational use of stock assessments should be complemented by occasional simulation-based performance evaluation to develop reliable catch advice.
"Self-tests" were considered to be an important consistency check. Simulation self-testing (including bootstrapping) should be considered good practice for accepting models for management advice. When meaningful differences are found (e.g. the "truth" is a low probability among estimated realizations), the inconsistency should be investigated by auditing code to confirm that the operating model and estimation model are identical in all settings. Applying the estimation model to "perfect pseudo-data" (e.g. CV 0 or high sample size) can also identify the source of inconsistency (observation error or structural inconsistency). When alternative plausible models produce divergent results when applied to pseudo-data, the source of divergence should be investigated. One approach to do this is by adding penalties to the estimation model for deviating from the "truth" generated from another operating model and inspecting likelihood components to attempt to identify the source of the divergence.
Although the workshop simulations were designed to test general model performance, participants felt that simulations should be designed to meet defined objectives (e.g. generic guidance, specific validation, specific problem solving, evaluation of sampling programme investments, research tool). For some objectives, the process would need to be expanded to Management Strategy Evaluation by pairing the stock assessment method with a harvest control rule to provide an integrated management procedure (e.g. Butterworth and Punt, 1999) . The degree of operating model complexity (e.g. single-species, sexual dimorphism, ecosystem, spatial patterns, alternative population regulation, fleet behaviour) should be matched to the specific objective such that the operating model is sufficiently complex to represent the system and test a simpler estimation model, but not so complex as to be intractable for determining what sources of complexity are causing problems in assessment models.
Workshop participants agreed that careful consideration is needed to determine performance criteria. For example, the workshop exercise focused on the entire time series of absolute and relative stock size and fishing mortality. Alternative indicators are recent stock size and fishing mortality (absolute, relative, or retrospective adjusted), stock status relative to reference points (absolute or relative), short-term catch forecasts (e.g. Deng et al., 2015) , and uncertainty in short-term catch forecasts or medium-term projections (e.g. rebuilding plans). However, some form of "cross-testing" should be considered, because different models can produce alternative perspectives on reference points (e.g. Dickey-Collas et al., 2015) . If uncertainty of indicators is a performance criterion, then more advanced approaches to integration of all major sources of uncertainty and Bayesian methods will be needed to address the typical outcome that more complex models have greater nominal uncertainty.
The World conference on stock assessment methods
The conference provided a forum for presentations on the application and future of stock assessment methods. It considered singlestock approaches for data-rich and -poor stocks, and also multispecies and ecosystem-based approaches. The conference began with a challenging key note address by Sidney Holt, who expressed his opinion that Maximum Sustainable Yield as a target is "rubbish." Sidney played an active and provocative role throughout the conference. Complementing the contributions from some of the oldest leaders in our field, the contributions of young scientists to the conference were striking, suggesting a strong demographic wave of talented stock assessment scientists joining the research community.
Most presentations and much of the conference discussion perpetuated the paradigm that the most effective management procedures rely on analytical stock assessment models, and the most reliable stock assessment models are age-based. However, presentations on spatial complexity and temporal change included the use of additional data sources (tagging, genetics, climate, predation, etc.) in assessment models that could account for spatial heterogeneity or changes in productivity (e.g. Goethel et al., 2015; Hurtado-Ferro et al., 2015; Johnson et al., 2015; Thorson et al., 2015) . The fact that the environment varies is well appreciated throughout the stock assessment community, and the ecosystem assessment session challenged the audience to consider the difference between traditional stock assessment methods and approaches that more explicitly consider ecosystem dynamics.
Presentations on key challenges for single-species assessments focused on research investments for method development and new approaches. However, pure research without application or the intention to improve operational stock assessments will not meet the needs of fishery management organizations. The need for active feedback loops and dialogue between research, application, and management decisions was demonstrated by many case studies from around Stock assessment methods for sustainable fisheries the world (ICES, 2013) . Despite the tendency to focus on fishery challenges in developed regions, many of the major problems for fisheries management are in developing countries.
The conference tended to offer solutions for challenges that require either rich datasets or high-skill levels. These solutions would not be viable in situations with limited data or human resources. In other cases, time series of fishery and survey data are available, but there is a lack of understanding of basic fishery and population dynamics. The analogy of modelling skills to modes of transportation was considered in which applying simple and robust stock assessment methods is like driving a car. Many people can be taught to drive a car, and the consequences of usererror are usually not catastrophic. By comparison, applying more complex stock assessment methods is like flying a helicopter, which is much more difficult and user-errors have more severe consequences. Building a car or a helicopter requires a similar base of knowledge and expertise, but driving a car requires less training and expertise than that required to fly a helicopter.
A clear message from the conference was that a global initiative is needed to synthesize developments in stock assessment methods. Although most research is conducted regionally to meet local objectives, these developments need to be compiled and communicated to benefit all regional efforts and ensure that parallel efforts add to our knowledge. A step in this direction would be the establishment of stronger connections between the various regional methods working groups, perhaps through the formation of a global stock assessment methods working group that is sponsored by multiple international organizations.
Perspectives
Results from simulation exercises (detailed by Deroba et al., 2015 Johnson et al., 2015; Ono et al., 2015) and the conference contributions in this volume suggest that significant strategic investment is needed to support stock assessment research. Much research is being carried out regionally to meet regional objectives. This increase in understanding and available tools should be transferable to other challenges across the globe. Although international conferences and scientific journals offer occasional opportunities for communicating advances in stock assessment methods, there is currently no programmatic mechanism or forum to allow this transfer among regions. There is no approach to synthesize global developments and suggest strategic research needs. There is a clear need for global initiatives to promote the sharing of information and tools to promote parallel advancement of effective methods. Investments in stock assessment methods should focus on "traditional single species stock assessment" but also consider the dynamics of fish populations and fisheries through space and the supporting the expanded scientific products and knowledge needed for ecosystem approaches. A finding of the conference is that multispecies models are already blurring the distinction between ecosystem and single species assessments.
The development of "good practice" guidelines for stock assessment would help to coordinate advances among regions. The most intensely researched case studies (finfish, target species, age-based, data-rich, total allowable catch systems) should be used to provide initial guidance on good practice. Research should also be expanded to represent other taxa, size-or stage-based approaches, datalimited, data-poor or knowledge-poor situations, as well as other management systems. Guidelines should be developed through topical workshops and account for global needs, thus considering both high-and low-resource solutions.
Previous guidelines for stock assessment methods have been published by leaders in the field (Beverton and Holt, 1957; Ricker, 1975; Gulland, 1983; Hilborn and Walters, 1992; Quinn and Deriso, 1999) , but those are now outdated. Guidelines should identify validated approaches and methods to test and allow for innovation. Such guidance should consider conventions from statistical modelling (e.g. inspection of residuals, parsimony) as well as recent advances in model building as a starting point for guidance on stock assessment modelling.
Results from the simulation workshop indicated that none of the conventional age-based or age-aggregated models performed well for recovering simulated truths at the end of the time series-the period that has the most influence on fishery management. The recognition that stock assessment models are gross simplifications of complicated realities should help us to accept the general shortcomings of typical stock assessments and to avoid elevating stock assessments beyond their capability. In this context of uncertainty, we should be willing to accept the assumptions of data-limited approaches (e.g. conference presentations by Arnold and Heppell, 2015; Berkson and Thorson, 2015; Geromont and Butterworth, 2015a; Hordyk et al., 2015a,b; Jardim et al., 2014; Prince et al., 2015; and other abstracts in ICES, 2013) . Incremental advances in conventional single-species stock assessment models should continue to be explored (Maunder and Piner, 2015) , including alternative approaches to using fishery information (e.g. Zhou et al., 2015) , analyses of survey data (e.g. Hyun et al., 2015) , deriving age composition information (e.g. Ailloud et al., 2015) , and assumptions about natural mortality (e.g. Hamel, 2015; Then et al., 2015) . We should also pursue the development of methods for time-varying parameters (e.g. Hurtado-Ferro et al., 2015; Johnson et al., 2015; Thorson et al., 2015) , spatial patterns (e.g. Goethel et al., 2015) , and multispecies interactions (e.g. Li et al., 2015; Smith et al., 2015) to attempt to incorporate these important complexities in stock assessment models as well as a more revolutionary shift toward ecosystem models (e.g. Bentley, 2015) . The workshop results also support the extension of performance evaluations to , and management procedures (e.g. Needle, 2015; Geromont and Butterworth, 2015b) . The conference contributions also support the consideration of multiple models for management advice (e.g. Millar et al., 2015) . As demonstrated by these examples, the contributions in this special volume address the critical topics in stock assessment methods today.
